Dopamine-and tyrosine hydroxylase-immunopositive cells (TH cells) modulate visually driven signals as they flow through retinal photoreceptor, bipolar, and ganglion cells. Previous studies suggested that TH cells release dopamine from varicose axons arborizing in the inner and outer plexiform layers after glutamatergic synapses depolarize TH cell dendrites in the inner plexiform layer and these depolarizations propagate to the varicosities. Although it has been proposed that these excitatory synapses are formed onto appendages resembling dendritic spines, spines have not been found on TH cells of most species examined to date or on TH cell somata that release dopamine when exposed to glutamate receptor agonists. By use of protocols that preserve proximal retinal neuron morphology, we have examined the shape, distribution, and synapse-related immunoreactivity of adult rat TH cells. We report here that TH cell somata, tapering and varicose inner plexiform layer neurites, and varicose outer plexiform layer neurites all bear spines, that some of these spines are immunopositive for glutamate receptor and postsynaptic density proteins (viz., GluR1, GluR4, NR1, PSD-95, and PSD-93), that TH cell somata and tapering neurites are also immunopositive for a g-aminobutyric acid (GABA) receptor subunit (GABA A R a1 ), and that a synaptic ribbon-specific protein (RIBEYE) is found adjacent to some colocalizations of GluR1 and TH in the inner plexiform layer. These results identify previously undescribed sites at which glutamatergic and GABAergic inputs may stimulate and inhibit dopamine release, especially at somata and along varicose neurites that emerge from these somata and arborize in various levels of the retina.
Previous studies have hypothesized that TH cells release dopamine from varicose axons after excitatory synapses depolarize TH cell dendrites in the inner plexiform layer and these depolarizations spread radially to the varicosities (Dacey, 1990; Witkovsky, G abriel, & Krizaj, 2008) . Although anatomical, electrophysiological, and imaging observations are consistent with radially spreading depolarizations in some medium-and wide-field amacrine cells (Famiglietti, 1991; Taylor, 1996; Euler, Detwiler, & Denk, 2002; Davenport, Detwiler, & Dacey, 2007) , it is less clear how the structural compartments of TH cells function. For example, although varicosities in TH cell neurites form synapses onto other neurons (Pourcho, 1982; Holmgren, 1982; Voigt & Wässle, 1987; Kolb, Cuenca, Wang, & Dekorver, 1990; Kolb, Cuenca, & Dekorver, 1991; van Haesendonck, Marc, & Missotten, 1993; Contini & Raviola, 2003) , dopamine release has been detected only from TH cell somata (Puopolo, Hochstetler, Gustincich, Wightman, & Raviola, 2001) . Similarly, although dopamine release can be blocked by a voltage-gated Na 1 channel toxin (Puopolo et al., 2001 ; see also Piccolino, Witkovsky, & Trimarchi, 1987) and can be reduced by Ca 21 channel toxins and heavy metals (Sarthy & Lam, 1979; Frederick, Rayborn, Laties, Lam, & Hollyfield, 1982; Kolbinger & Weiler, 1993; Tamura et al., 1995; Boelen, Boelen, & Marshak, 1998) , antibodies directed against voltage-gated Na 1 and Ca 21 channels bind to neurites in the inner plexiform layer but not in the outer plexiform layer (Xu, Zhao, & Yang, 2003; Witkovsky et al., 2004; Witkovsky, Shen, & McRory, 2006; Witkovsky et al., 2008) . For that matter, TH has been found to colocalize with synaptic vesicle-and release-related proteins in the inner plexiform layer, but in only some varicosities within the inner nuclear layer and not in the outer plexiform layer (Witkovsky et al., 2004 (Witkovsky et al., , 2008 Witkovsky, Arango-Gonzalez, Haycock, & Kohler, 2005) .
Additionally, TH cells have been reported to differ at the level of their postsynaptic architecture. In particular, dendritic spine-like appendages have been found on TH cell dendrites in some species, but not on dendrites in other species, and also not on somata that release dopamine when exposed to glutamate receptor agonists (Dacey, 1990; Teakle, Wildsoet, & Vaney, 1984; Kolb et al., 1990; Tauchi, Madigan, & Masland, 1990; G abriel, Zhu, & Straznicky, 1992; Guimarães & Hokoç, 1997; Puopolo et al., 2001) .
It is possible that TH cells release dopamine by different mechanisms in the inner and outer plexiform layers, and that TH cell shape and ion channel distribution vary with species. However, most studies to date have examined TH cells in retinae that were incubated in aldehyde-based fixatives that we have found to deform, and reduce the detectability of, retinal ganglion cell axons and dendrites (Stradleigh, Greenberg, Partida, Pham, & Ishida, 2015) . The present study examines the shape, contour, and immunostaining of TH cells by use of protocols we developed to preserve the dendritic and axonal morphology of proximal retinal neurons and to localize transmembrane and membrane-associated proteins (Stradleigh et al., 2011 (Stradleigh et al., , 2015 .
| MATERIALS A ND METHODS

| Animals
Adult rats were used for this study based on previous descriptions of their TH cell morphology and immunostaining (Ngyuen-Legros et al., 1981; Voigt & Wässle, 1987; Savy et al., 1995; Witkovsky, ArangoGonzalez, Haycock, & Kohler, 2005; Witkovsky et al., 2008) . LongEvans and Lewis rats (female and male; P60-P120; 150-250 g; RRID:
RGD_60991, RRID: RGD_1566443) were obtained from a commercial supplier (Harlan Bioproducts, San Diego, CA) and housed in standard cages at 23 8C on a 12-hr/12-hr light/dark cycle. The Lewis rats were used to test whether spine numbers and immunostaining patterns differed between inbred and outbred strains. We found no significant or consistent difference between these properties in these strains and, therefore, pool the results below. The morphometric observations reported here (Figures 1-5) were collected from Long-Evans rats (n 3 rats for each measurement or observation). Each rat was anesthetized by intraperitoneal (i.p.) ketamine and xylazine (70-100 mg/kg and 5-10 mg/kg, respectively; see below for the source of chemicals used in this study), enucleated, and killed by a lethal dose of sodium pentobarbital (150 mg/kg, i.p.). Before enucleation, the superior side of each eye was marked for quadrant identification during data analysis. All animal care
and experimental protocols were approved by the Animal Use and Care
Administrative Advisory Committee of the University of California, Davis.
| Fixation and immunohistochemistry
In most experiments, each enucleated eye was hemisected in oxygenated Ames solution at room temperature. For comparison, some eyes were hemisected in ice-cold, sucrose-supplemented phosphate buffer (PB) (Stradleigh et al., 2015) . After removal of the vitreous, the resulting eyecups were processed as either whole mounts or vertical sections.
To form flat mounts, the retina was isolated with forceps, placed photoreceptor-side down on a membrane filter (PICM0RG50, Millicell;
Millipore, Tuliagreen, Ireland), and immersed in a prefixative conditioning solution containing sucrose (200 mM) for an additional 30 min (Stradleigh et al., 2015) . Although this solution was ice-cold in most experiments, similar results were obtained when it was room temperature or even warmed to 37 8C. Membrane-attached retinae were then fixed either overnight at 4 8C, or for 20 min at room temperature, in a fixative containing formaldehyde (4% w/v) and sucrose (200 mM) in 100 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) (Stradleigh et al., 2015; cf. Stell & Lightfoot, 1975; Anderson et al., 2009; Pallotto, Watkins, Fubara, Singer, & Briggman, 2015) . In comparison experiments, sucrose was not included in the conditioning solution or fixative, and the fixative contained formaldehyde (4% w/v) in phosphate-buffered saline (PBS; 154 mM NaCl, 3.23 mM Na 2 HPO 4 , and 1.05 mM KH 2 PO 4 ). The membrane-attached retinae were then rinsed in a Tris-Triton solution (100 mM Tris-HCl, 0.1% v/v Triton-X100, 0.01% w/v sodium azide, pH 7.5), and blocked and permeabilized overnight at 4 8C in the same solution supplemented with bovine serum albumin (BSA; 2% w/v) and either normal donkey or normal goat serum (5% v/v). The retinae were then incubated in primary antibodies (overnight at 37 8C after the overnight fixations, 3-4 days at 4 8C after the 20-min fixations), rinsed in Tris-Triton, and incubated in secondary antibodies overnight at 4 8C. Primary antibodies were diluted in Tris-Triton supplemented with BSA (2% w/v). To help locate the outer nuclear, inner nuclear, and ganglion cell layers, preparations were counterstained with TO-PRO-3 (1:3,000) after secondary antibody incubation.
To form vertical sections, eyecups were passed through the conditioning and fixative solutions listed above. The fixed retinae were then isolated from each eyecup, rinsed in Tris-Triton (pH 7.5), embedded in 5% (w/v) low-melt agarose at 37 8C, allowed to set for 30-60 min at 4 8C, and cut into blocks with a razor blade. These blocks were sectioned vertically at a thickness of 100 mm on a vibrating microtome (VT1000S; Leica Microsystems, Wetzlar, Germany). Free-floating sections were blocked and permeabilized for 24 hr at 4 8C in Tris-Triton (pH 7.5) supplemented with 0.5% BSA and 5% normal goat serum. The sections were incubated in primary antibody overnight at 4 8C, rinsed with Tris-Triton, and incubated in secondary antibody overnight at 4 8C. 4',6-Diamidino-2-phenylindole (DAPI; 1:3,000) was used as a nucleic acid counterstain and applied to tissue after secondary antibody incubation.
After rinsing, flat mounts and vertical sections were mounted directly to glass coverslips (No. 1.5), covered with a CUBIC/2 solution (refractive index 5 1.49; Susaki et al., 2015) or with FluorSave mounting medium, and secured onto glass slides. The mouse monoclonal anti-TH antibody (Chemicon, Temecula, CA; Cat# MAB318; clone LNC1, RRID: AB_2201528) was generated against tyrosine hydroxylase purified from PC12 cells and diluted 1:1,000. This antibody has been characterized by immunohistochemistry in rat retina (Partida, Lee, Haft-Candell, Nichols, & Ishida, 2004; Witkovsky et al., 2008) .
| Antibody characterization
The sheep polyclonal anti-TH antibody (Chemicon; Cat# AB1542; RRID: AB_90755) was generated against native TH from rat pheochromocytoma and diluted 1:500. This antibody has been characterized by immunohistochemistry in mouse retina (Keeley & Reese, 2010 was generated against fusion protein acids 1-852 (full-length) of rat Chapsyn-110, and diluted to 0.2 lg/ml. This antibody has been characterized by western blotting of mice cerebellar lysates and immunohistochemistry of mouse cerebellar Purkinje cells (Liu, Lee, & Ackerman, 2015) .
The rabbit polyclonal anti-GluR1 antibody (Chemicon; Cat# AB1504; RRID: AB_2213602) was generated against a KLHconjugated linear peptide corresponding to the C-terminal sequence of human glutamate receptor 1, and diluted to 0.2 mg/ml. This antibody has been characterized by immunoblotting in rat brain (Wenthold, Yokotani, Doi, & Wada, 1992) .
The rabbit polyclonal anti-GluR4 antibody (Chemicon; Cat# AB1508; RRID: AB_90771) was generated against a linear peptide corresponding to the C-terminal sequence (RQSSGLAVIASDLP) of rat glutamate receptor 4, and diluted to 1 mg/ml. This antibody has been characterized by immunoblotting in rat brain (Wenthold et al., 1992) .
The rabbit monoclonal anti-NR1 antibody (Chemicon; Cat# AB9864) was generated against a synthetic peptide corresponding to amino acids 909-938 of rat N-methyl-D-aspartate receptor 1 (NMDAR1) receptor subunit and diluted 1:500. This replaces Chemicon #AB1516 (RRID: AB_2314955), which has been characterized by western blotting and immunohistochemistry in rat retina (Fletcher, Hack, Brandstätter, & Wäs-sle, 2000; Gr€ under, Kohler, & Guenther, 2000; Zhang & Diamond, 2006) .
The rabbit polyclonal anti-g-aminobutyric acid A receptor a1
(GABA A R a1 ) antibody (Upstate Biotechnology, Lake Placid, NY; Cat# 06-868, RRID: AB_310272) was generated against a KLH-conjugated linear peptide corresponding to the topological domain of rat GABA A receptor a1 subunit, and diluted to 0.5 mg/ml. This antibody has been characterized by immunohistochemistry in rabbit retina (Chen & Chiao, 2008) .
The mouse monoclonal anti-C-terminal binding protein 2 (CtBP2, RIBEYE; BD Biosciences, San Jose, CA; Cat# 612044, clone 16/CtBP2; RRID: AB_39941) antibody was generated against the C-terminal amino acids 361-445 of mouse CtBP2, and diluted to 0.5 mg/ml. This antibody has been characterized by immunoblotting and immunohistochemistry in mouse retina (tom Dieck et al., 2005) .
Signals attributed to the primary antibodies were visualized with donkey or goat, species-and subclass-specific, fluorophore-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA; the tapering neurites (Lin & Masland, 2006) . Cell density was measured as the number of TH cell somata within a 1-mm 2 square patch of retina. The cell densities reported here showed no dependence on the orientation of these squares (e. g., whether the side or a corner of the square faced the optic disc). Coverage factors were calculated as the product of dendritic field area and cell density (Cleland, Levick, & Wässle, 1975) for comparison with results of other studies.
Because we found that TH cell density varies with quadrant and eccentricity (see Results), we used the cell density for the 1-mm 2 patch of retina centered around each cell studied. The 3D reconstructions of processes and spines were performed using the Fila- Figure   4E was performed using a one-way analysis of variance (ANOVA) followed by Tukey's post hoc test, whereas comparisons of two groups in Figure 4F were made using unpaired Student's t test. The significance level was set at a p value < .05.
| Deconvolution
An iterative algorithm ( The p value of this analysis was taken as the probability that R c exceeded or was equal to O c . p values below 0.05 were interpreted as rejecting the null hypothesis.
| Reagents
Reagents were obtained from the following sources: Abbott (Chicago, 
| R E S U LTS
This study used immunohistochemistry, laser scanning confocal microscopy, and deconvolution of optical sections to characterize the shape, Mitrofanis, Vigny, & Stone, 1988; Crooks & Kolb, 1992; Eglen, Raven, Tamrazian, & Reese, 2003; Tauchi et al., 1990) , most of the TH cell somata in our preparations were brightly immunofluorescent whereas others were conspicuously dimmer ( Figure 3 ). The data and observations reported here were collected from cells with bright somata only. We occasionally observed dimly fluorescing neurites intermingled with brightly fluorescing neurites (not illustrated). We presume that the former emerged from dim somata as in other species Tauchi et al., 1990) and did not attempt to collect data from them.
| TH cell neurites
Most previous studies have immunostained TH cells in retinae fixed by immersion in formaldehyde (FA) diluted to 4% w/v in PB or PBS.
Because we have found that retinal ganglion cell dendrites and axons deform during immersion in 4% FA (Stradleigh et al., 2015) and that preincubation in a fixative-free medium and use of sucrosesupplemented FA preserves the shape and contour of dendrites and axons (Stradleigh et al., 2015) , we compared the morphology of TH cells in retinae incubated in 4% FA versus those in retinae preincubated in sucrose-supplemented HEPES solution (or, with no noticeable difference, sucrose-supplemented PB) and then fixed in FA diluted to 4% w/v in sucrose-supplemented HEPES. We refer to this latter protocol hereafter as fixation in sucrose-supplemented FA without mentioning the preincubation.
Preparations fixed in sucrose-supplemented FA showed two types of neurites extending away from the TH cell somata (Figures 1-12 ).
Some were 2 mm in diameter where they emerged, tapered gradually to 1 mm, were smoothly contoured except for the presence of spines (see below), and branched as many as four times along their length.
The others emerged from somata (or, in some cases, from larger caliber, gradually tapering processes; see Figures 1-6), tapered within a short distance to a thin diameter (roughly 0.6 mm), were decorated with varicosities and spines, and branched rarely (if at all). In retinae fixed in sucrose-supplemented FA, TH cells present tapering and varicose neurites, and retinal ganglion cell dendrites and axons are spared from artifactual formation of varicosities (cf. Stradleigh et al., 2015) . The varicose neurites of TH cells fixed in sucrose-supplemented FA extended laterally in multiple directions well beyond the polygonal fields described above. Due to their length, these neurites overlapped neurites of other TH cells to the extent that we typically could not measure the full length of individual varicose neurites or the areas of the fields they formed (e. g., Figure 1C ). On occasion, we were able to follow the arborization of single varicose neurites for more than 100 mm (Figures 2-3 , and 7).
Long, tapering TH-immunopositive neurites were not found in preparations fixed in straight 4% FA. The inner plexiform layer was, instead, cluttered with many spots and short, heavily beaded segments of TH-immunopositive processes ( Figure 1A and B). The position of these spots and segments (especially between TH-immunopositive somata in the inner plexiform layer) suggests they are either neurites that fragmented into disconnected TH-immunopositive pieces or THimmunopositive neurites in which many short segments failed to display TH immunoreactivity. The remaining data of this study were collected only from preparations fixed in sucrose-supplemented FA.
| Cell types
Most of the TH cell somata in our preparations were found at the edge of the inner nuclear layer immediately adjacent to the inner plexiform layer ( Figure 3 ). As in other species (Ehinger & Falck, 1969; NguyenLegros et al., 1981; Oyster, Takahashi, Cilluffo, & Brecha, 1985; Voigt & Wässle, 1987; Guimarães & Hokoç, 1997; Eglen et al., 2003) , some TH cell somata were found either in the ganglion cell layer or, rarely, within the inner plexiform layer ( Figure 3B and C). The diameters of the inner nuclear layer somata (calculated as the average of the short and long axes for each cell viewed in retinal flat mounts) ranged from 11.2 to 17.3 mm (mean 6 SEM: 14.2 6 0.1 mm, n 5 155; Figure 3G ) and did not significantly differ from a normal distribution ( Figure 3G , inset).
The diameters of the ganglion cell layer somata ranged from 16.2 to 21.7 mm (mean 6 SEM: 18.4 6 0.4 mm, n 5 19).
TH cell neurites arborized in the most distal (i. e., sclerad) and most proximal (i. e., vitread) sublaminae of the inner plexiform layer, and in the sublamina intermediate between these. For comparison with previous studies, these will be referred to as s1, s5, and s3, respectively.
Varicose neurites also projected distally through the inner nuclear layer and arborized laterally within the outer plexiform layer. The neurites ramifying in the inner and outer plexiform layers will be referred to as internal and external neurites, respectively (cf. Savy et al., 1995) . Some external neurites were seen projecting from somata in the inner nuclear layer toward the outer plexiform layer ( Figure 3A and D), and THimmunopositive neurites were seen arborizing in the outer plexiform layer in all retinal quadrants. Based on previous descriptions (NguyenLegros et al., 1981; Savy et al., 1995; Witkovsky et al., 2005 Witkovsky et al., , 2008 , we interpret these somata and neurites as belonging to interplexiform cells. Although interplexiform TH cells are found only in the inferior retina of some species (rabbit: Oyster et al., 1985; cat: Kolb et al., 1990) , external projections of interplexiform TH cells have been found in all quadrants of rat and Xenopus retinae (Savy et al., 1995; Witkovsky, Zhang, & Blam, 1994) and we have found TH-immunopositive neurites interconnecting the inner and outer plexiform layers in both superior and inferior retinae ( Figures 3A, 3D , and 12). Segments of THimmunopositive neurites were occasionally found in the outer nuclear layer, although these were too rare to study in any detail (not illustrated; cf. Negishi et al., 1985; Nguyen-Legros, Moussafi, & Simon, 1990 ; G abriel, Zhu, & Straznicky, 1991; Savy et al., 1995) .
Ascending processes were not observed on some somata, as might be expected of amacrine TH cells. However, this does not exclude the possibility that these are interplexiform cells, because previous studies have shown that ascending processes of some cells emerge from the inner plexiform layer (Ehinger & Falck, 1969; Oyster et al., 1985; Kolb et al., 1990; Dacey, 1990; Savy et al., 1995; van Haesendonck et al., 1993) . We know of no methods that would distinguish all of the amacrine cells from the interplexiform cells in individual retinae. It is also not known whether TH somata in the inner plexiform and ganglion cell layers ( Figure 3B and C) belong to amacrine or interplexiform "eremite"
and "alloganglion" cells (Ehinger & Falck, 1969) . We therefore do not know which, if any, TH cell somata are amacrine cells. We suppose that some might be, based on the shapes of previously described rodent dopaminergic amacrine cells (Voigt & Wässle, 1987; Zhang, Stone, Zhou, Ohta, & McMahon, 2004; Badea et al., 2009; Keeley & Reese, 2010) . In the absence of means to distinguish large numbers of interplexiform and amacrine TH cells, we chose to pool our observations on neurites, considering those in the outer plexiform and inner nuclear layers as properties of interplexiform cells and those in the inner plexiform layer as characteristics of interplexiform and (if present) amacrine cells.
| Cell distributions and coverage factors
TH cell somata were observed at all eccentricities and in all sectors of flat-mounted whole retinae (e. g., Figure 4 ). When measured in square 1- mouse (Savy et al., 1995; Nguyen-Legros, Versaux-Botteri, & Savy, 1997; Gustincich, Feigenspan, Wu, Koopman, & Raviola, 1997; Zhang et al., 2004) . In all of the flat-mounted whole retinae we examined (n 5 5), the highest cell densities were found in the superior retina roughly midway between the optic disc and the retinal periphery ( Figure 4E and F) , and the lowest densities were found at the periphery of all quadrants. This formed an essentially radial, though offset, density gradient.
Previous studies have not reported coverage factors (Cleland et al., 1975) for rodent TH cells. We were able to trace the full length of the tapering neurites of some cells in our preparations (e. g., Figure 2B and I) and determine the area they covered (e. g., Figure 2C ). Multiplying these areas by the density of TH cells within a 1-mm 2 square centered around each cell yielded a coverage factor of 1.86 6 0.24 (mean 6 SEM, n 5 17; Figure 2 ). These coverage factors showed no dependence on cell density and ranged from 0.9 to 5.0 in all quadrants, at all eccentricities, and regardless of whether the soma was in the inner nuclear or ganglion cell layer ( Figure 2F ).
| Spines on TH cell somata, tapering neurites, and varicose neurites
Synaptic inputs to TH cells have been located by electron microscopy (Pourcho, 1982; Holmgren, 1982; Frederick et al., 1982; Hokoç & Mariani, 1987; Yazulla & Zucker, 1988; Pollard & Eldred, 1990; Kolb et al., 1990 Kolb et al., , 1991 van Haesendonck et al., 1993) and by pre-and postsynaptic protein localizations (Hoshi, Liu, Massey, & Mills, 2009; Dumitrescu, Pucci, Wong, & Berson, 2009; Contini et al., 2010) . One study (Dacey, 1990) has proposed that bipolar cells synapse onto TH cells at appendages that resemble dendritic spines of other central neurons.
Although bipolar cells are thought to drive dopamine input from retinal TH cells in general, spines have not been found on TH cells in the species studied here (Nguyen-Legros et al., 1981; Voigt & Wässle, 1987; Mitrofanis et al., 1988; Savy et al., 1995; Partida et al., 2004; Witkovsky et al., 2008; Fujieda & Sasaki, 2008; Debertin et al., 2015) . Given that fine appendages on retinal ganglion cell dendrites are visible after fixation in sucrose-supplemented FA (Stradleigh et al., 2015) , we examined TH cells for the presence of spines after fixation in sucrosesupplemented FA. After finding spines in raw confocally imaged optical sections, we used a PSF and a deconvolution algorithm to reverse or reassign blur and thus improve resolution in these sections (see Materials and Methods).
In agreement with results obtained in macaque (Dacey, 1990) , we found spines on tapering neurites of rat TH cells ( Figures 5A and C,   6D ). In addition, we found spines on the somata and varicose neurites of TH cells (Figures 5B and D, and 6B and C) . , and RIBEYE (blue), oversampled, and deconvolved. Note the characteristic TH "rings" formed by TH neurites that surround round, TH-immunonegative areas (Pourcho, 1982; Voigt & Wässle, 1987) . Magenta and blue dots within these rings are at different focal planes. (E) 90 8 rotation of A. (B-D) Views of E in each of the color channels. TH cell somata are faint but visible at proximal edge of the INL to the right and left of the center of B. Arborization of TH cell neurites in the OPL, INL, and IPL are more evident than in Figure 3 due to difference in thickness of tissue displayed. GluR1 signal (C) is heaviest in the proximal IPL but is also present in the distal IPL, INL, and OPL. RIBEYE signal (D) is heaviest at the level of rod axon terminals but is also present in the IPL. Areas marked by boxes in A are displayed at intermediate magnification in panels 1 to 3, and at higher magnification in panels 1a to 3d, one row per box. Each row displays a single optical section, viewed in different color channels. Panels 1a to 3a, 1b to 3b, and 1c to 3c display TH (green), GluR1 (magenta), and RIBEYE (blue) signals, respectively. Merges show apposition of RIBEYE to GluR1 colocalized on TH (1d, 2d) and a colocalization of GluR1 and TH without nearby RIBEYE (3d). Arrowheads point to identical positions in panels of each column. Scale bar 5 10 mm in A (applies to A-E); 7 mm in 3 (applies to 1-3); 1 mm in 1d, 2d, and 3d (apply to 1a-1d, 2a-2d, and 3a-3d, respectively) neck, as in "thin spines," "stubby spines," and "filopodia" of other preparations. Measured across z-stacks of deconvolved images (cf. Arellano, Benavides-Piccione, Defelipe, & Yuste, 2007) , the thin spines ranged in length from 0.4 to 2.9 mm (mean 6 SEM: 1.2 6 0.1 mm, n 5 57), and displayed tips as large as 0.5 mm in diameter (mean 6 SEM: 0.4 6 0.01 mm, n 5 57); stubby spines were generally shorter than 1 mm; and filopodia ranged in length from 0.6 to 10.1 mm (mean6 SEM: 1.66 0.1 mm, n 5 105). These properties did not noticeably differ between somata and neurites, between tapering and varicose neurites (Figures 5 and 6 ), or between Long-Evans and Lewis rats (Figures 5 and 6) , and roughly half of the spines were thin spines in both strains. However, the spines of individual cells varied widely in their dimensions, and often did not show combinations of tip diameters, neck diameters, and lengths that split into distinct groups.
The sparsity of TH somata (especially in the ganglion cell layer), and of neurites in the outer plexiform layer and the proximal half of the inner plexiform layer, enabled us to image spines along somatic surfaces and neurite segments over distances exceeding 100 mm. These images showed spine densities of 2.6 6 0.4, 2.3 6 0.2, and 1.2 6 0.1 (mean 6 SEM) per 10mm along the surface of somata (n 5 9), inner plexiform layer neurites (n 5 42), and outer plexiform layer neurites (n 5 18), respectively. Whether similar densities are also found in s1 of the inner plexiform layer, both near to and far from individual somata, remains to be determined.
Spines were present on neighboring TH cells. Although this would
be expected if all TH cells were spine-bearing, our results do not exclude the possibility that some TH cells lack spines. In fact, we were unable to find spines on some TH cells. This raises the possibility that both spinebearing and spine-free TH cells exist in rat retina, as has been reported for TH cells in primate striatum and basal ganglia (Betarbet et al., 1997; Prensa, Cossette, & Parent, 2000) . However, the most consistent difference we have found is that TH cells displayed more spines in some batches of Long-Evans rats than in other batches. To date, spine numbers in our preparations showed no consistent difference between rats of outbred (Long-Evans) and inbred (Lewis) strains, or between male and female rats; no clear dependence on the intensity of illumination that rats were exposed to prior to enucleation and during tissue processing; and no difference attributable to the temperature of solutions that retinae were immersed in during processing, or time of year.
| GluR1, GluR4, and NR1
Light-evoked intraretinal dopamine release, and the light response of at least some types of retinal TH cells, can be blocked by 2-amino-4-phosphonobutyric acid (APB) (Boatright, Gordon, & Iuvone, 1994a; Boelen et al., 1998; Zhang, Zhou, & McMahon, 2007; Zhang et al., 2008; Newkirk, Moon, Wong, & Detwiler, 2013) . Because APB hyperpolarizes ON bipolar cells (Slaughter & Miller, 1981) and TH cell neurites arborize largely in s1 of the inner plexiform layer, one possible interpretation is that ON bipolar cells provide excitatory synaptic input to TH cells in the distal inner plexiform layer (Boelen et al., 1998) .
Immunostaining has shown pre-and postsynaptic protein appositions consistent with such inputs in rabbit (Hoshi et al., 2009; Dumitrescu et al., 2009; Contini et al., 2010) , synapses from bipolar cells onto TH cells have been resolved by electron microscopy (Hokoç & Mariani, 1987 Kolb et al., 1990) , and amperometry has shown that glutamate receptor agonist applications can release dopamine from dissociated mouse TH cells (Puopolo et al., 2001 ). Based on these findings, and the binding of antibodies directed against glutamate receptor subtypes in the inner nuclear and inner plexiform layers (Peng, Blackstone, Huganir, & Yau, 1995; Qin & Pourcho, 1996; Gr€ unert, Haverkamp, Fletcher, & Wässle, 2002; Jakobs, Ben, & Masland, 2003; Hoshi et al., 2009; Contini et al., 2010) , we tested whether antibodies directed against GluR1 and GluR4 bind to TH cells in our preparations. In agreement with previous studies, we found clear and reproducible staining by anti-glutamate receptor antibodies in whole-mounted retinae after immersion in fixative for 20 min (Hartveit et al., 1994; Gr€ under et al., 2000) , but not if the fixation period was 1 hr or longer (Morigiwa & Vardi, 1999; Witkovsky et al., 2008) .
GluR1-immunopositive pixel clusters (referred to hereafter as Previous studies have tested whether GluR1 colocalizes with TH by chance (Contini et al., 2010 ; see also Dumitrescu et al., 2009 ). For comparison, we performed a Monte Carlo permutation analysis on four cells.
Based on 10,000 repeats per cell (see Materials and Methods for details), we found that the observed GluR1 spots were more likely to be located within 0.2 mm of each TH cell than GluR1 spots whose locations in xyz space were generated by randomly mixing the xyz coordinate values of the observed spots. The count of observed (O c ) and randomly generated (R c , mean 6 standard deviation [SD]) spots within that distance were 331 and 133.9 6 11.2, 926 and 861.7 6 23.9, 513 and 421.1 6 17.8, and 3050 and 2970.9 6 43.9 for these cells. The probability that R c exceeded or was equal to O c was less than 10e-5, equal to 0.0027, less than 10e-5, and equal to 0.0376, respectively. Because these p values are all below 0.05, we interpret them as rejecting the null hypothesis that the observed TH/GluR1 colocalization occurred by chance. Although the difference between O c and R c values is larger than the number of GluR1
and TH colocalizations noted above, this is consistent with inclusion (in O c ) of GluR1 spots that fluoresced too dimly to meet the criterion for colocalization by eye (viz., summing to white when the GluR1 and TH were displayed in magenta and green color channels, respectively).
GluR1 was also found in between TH cell surfaces in the inner plexiform layer (Figures 8 and 12A ). This staining is consistent with previous findings that anti-GluR1 antibodies bind to other cell types in the inner retina, including ganglion cells and non-TH amacrine cells (Gr€ under et al., 2000; Gr€ unert et al., 2002; Lin, Martin, & Gr€ unert, 2002) . Side views ( Figure 12B -E) of the field in Figure 12A show that the GluR1 immunostaining intensity in the inner plexiform layer exceeds that in the adjacent inner nuclear and ganglion cell layers.
Similar staining patterns were observed with anti-GluR1 and antiGluR4 antibodies. This was not surprising given that they have been found to bind to retinal TH cells in other species (Hoshi et al., 2009; Contini et al., 2010) . Thus, anti-GluR4 antibody binding was found on rat TH cell neuritic ( Figure 9 ) and somatic (not illustrated) spines (on n 5 3 cells).
It is not known whether the glutamate receptor agonist NMDA can increase retinal dopamine release. However, glutamate can activate NMDA receptors in midbrain TH cells (Overton & Clark, 1992) ,
NMDA receptors colocalize with a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors in midbrain TH cells (Chatha, Bernard, Streit, & Bolam, 2000) , and antibodies directed against the NR1 subunit of NMDA receptors bind in the proximal inner nuclear layer and the inner plexiform layer (Fletcher et al., 2000; Zhang & Diamond, 2006) . As seen with anti-GluR1 and anti-GluR4 antibodies, anti-NR1 antibodies bound to neuritic spines (on n 5 3 cells), either at their tips or along their necks (e. g., panel 1d of Figure 10 ). As many as seven GluR1, five GluR4, and seven NR1 pixel clusters were found on segments of single TH cell neurites captured within imaged fields.
The average spatial density of these clusters in neurites, pooled with the densities in somata, was 0.6 6 0.1 colocalizations of GluR1 and TH (n 5 10), 0.7 6 0.1 colocalizations of GluR4 and TH (n 5 5), and 0.6 6 0.1 colocalizations of NR1 and TH (n 5 10), per 10 mm of neurite segment or of somatic membrane (mean 6 SEM; range: 0.3-1.2). These densities did not significantly differ with the total number of colocalizations per structure (range 2-7).
We did not test for the presence of other glutamate receptor isoforms. For example, although anti-GluR2/3 antibodies have been found to bind to rat retinal TH cells (G abriel, de Souza, Ziff, & Witkovsky, 2002) , the binding is cytoplasmic and thus not in subcellular regions of interest for this study. In addition, although GluR2/3 immunoreactivity is found in processes postsynaptic to most bipolar cell ribbon synapses, GluR4 is found at a similar, if not larger, fraction of these synapses (Qin & Pourcho, 1999; Gr€ unert et al., 2002) .
| GABA A
In addition to glutamate, GABA receptor ligands can alter dopamine release, with agonists (GABA and muscimol) inhibiting light-evoked dopamine release (Kirsch & Wagner, 1989; Boatright, Rubim, & Iuvone, 1994b ) and antagonists (bicuculline and picrotoxin) stimulating intraretinal dopamine release (O'Connor, Dorison, Watling, & Dowling, 1986; Kirsch & Wagner, 1989) , and GABA inhibiting spontaneous dopamine release from dissociated TH cells (Puopolo et al., 2001 ). Based on these findings and the detection of GABA A receptor subunits and mRNA in inner nuclear layer somata of rat and mouse retinae (Brecha, Sternini, & Humphrey, 1991; Greferath et al., 1995; Newkirk et al., 2013) , we tested whether an antibody directed against GABA A R a1 binds to TH cells. Images of double-labeled preparations (Figure 11) show that this anti-GABA A R a1 antibody binds to spots along the surface of TH cell somata and neurites. However, the distribution of this binding differed in two respects from that of the anti-glutamate receptor antibodies listed above. First, anti-GABA A R a1 antibodies did not stain the tip or neck of any types of spines. Second, the immunopositive spots appeared to be widely and evenly distributed over TH cell somata and tapering neurites, forming an outline of the TH cell when the TH cell color channel was turned off (e. g., Figure 11B ).
| PSD-95, PSD-93, and RIBEYE
We tested the possibility that GluR1-, GluR4-, and NR1-immunopositive foci are sites of synaptic input in two ways. First, we probed preparations for combinations of postsynaptic markers by triple labeling for TH, the glutamate receptor isoforms examined above (GluR1, GluR4, NR1), and the PSD proteins PSD-95 and PSD-93. The latter were selected because postsynaptic submembrane densifications are found in TH cells at synapses from bipolar cells (Hokoç & Mariani, 1987; Contini et al., 2010) , at least some cells receiving glutamatergic inputs express PSD-95 and PSD-93 (Sheng & Kim, 2011) , and PSD-95
and PSD-93 are found at multiple levels of the inner plexiform layer (Koulen, Fletcher, Craven, Bredt, & Wässle, 1998 ). Although we did not probe for all known glutamate receptors and PSD proteins, the combinations we tested did show that PSD proteins colocalize at some points on the surface of TH cells with glutamate receptor proteins.
Specifically, PSD-95 colocalized at some points on the surface of TH cells with GluR1 ( Figure 8 ) and GluR4 (Figure 9 ), and PSD-93 colocalized at some points on the surface of TH cells with NR1 ( Figure 10 ).
Some of these colocalizations were found on somatic and neuritic spines (panel 4c of Figure 8 ; panels 1d and 2d of Figure 9 ; and panel 1d 0 of Figure 10 ), whereas others were found on the shafts of neurites (Figure 7 ). In addition to these, several foci of PSD-95 and PSD-93
were found in TH cells without GluR1, GluR4, or NR1 immunoreactivity, and vice versa (panels 1c, 2c, and 3c of Figure 8 ; panel 3d of Figure   9 ; and panels 2d 0 and 3d 0 of Figure 10 ).
Second, we probed preparations for combinations of pre-and postsynaptic markers by triple labeling for TH, RIBEYE (Schmitz, K€ onigstorfer, & S€ udhof, 2000) , and GluR1. This approach was similar to that used to locate bipolar cell inputs to rabbit TH cells (Hoshi et al., 2009 ), except that we used sucrose-supplemented FA to preserve the neurites and spines of TH cells, and we did not use anti-calbindin antibodies to label bipolar cells because they stain horizontal cells instead of bipolar cells in rat (R€ ohrenbeck, Wässle, & Heizmann, 1987) . Single optical sections showed RIBEYE apposed to colocalizations of TH and GluR1 in the inner plexiform layer (Figure 12 ), resembling the arrangements of TH, RIBEYE, and GluR4 in rabbit TH cells (Hoshi et al., 2009 ).
| DISCUSSION
This study has re-examined the morphology and immunostaining of retinal TH cells. The TH cells in our preparations differ from all previously described TH cells in that the somata, tapering neurites in the inner plexiform layer, and varicose neurites in the inner and outer plexiform layers, bear spines. Other studies have noted the presence of similar spines in TH cells, but these were found exclusively on either tapering dendrites (Dacey, 1990) or varicose neurites (Teakle et al., 1984) in the inner plexiform layer, or as short processes on the distal side of TH cell somata (Pollard & Eldred, 1990; G abriel et al., 1991) .
We also found, for the first time, glutamate receptor-, PSD-95-, and PSD-93-immunopositive spines on retinal TH cell somata and neurites, and GABA receptor-immunopositive foci on rat TH cell somata and neurites. These results are discussed below, particularly with regard to 4% FA as a fixative, the normal morphology of TH cells, and the modulation of dopamine release by glutamate and GABA.
| Aldehyde fixation
Our results show that TH cell neurites appear to be segmented, and that TH cell somata and neurites appear to be spine-free, in adult rat retinae immersed in 4% FA immediately after dissection (Figure 1 ). Similar degrees of segmentation were found in previous TH cell studies of some species (e. g., Versaux-Botteri, Nguyen-Legros, Vigny, & Raoux, 1984; Mitrofanis & Provis, 1990 ), but not others (Oyster et al., 1985; Voigt & Wässle, 1987) . The neurite segmentation and spine loss we have found in rat TH cells after immersion in 4% FA constitute different, and more severe, damage than the beading and shrinkage of interbead segments we previously found in rat retinal ganglion cell dendrites and axons exposed to the same fixative (Stradleigh et al., 2015) .
We have not identified cellular changes that lead to neurite segmentation or spine loss following immersion in 4% FA. Instead, we focused on the morphological properties that better preservation reveals in sucrose-supplemented FA. For example, the spread and overall shape of tapering and varicose neurites of cells fixed in sucrosesupplemented FA resembled the dendrites and axons of dye-injected and marker-expressing TH cells of other species (Dacey, 1990; Zhang et al., 2004; Badea et al., 2009 ; see also Voigt & Wässle, 1987; Tauchi et al., 1990; Newkirk et al., 2013) and the neurites of TH cells in other immunostained preparations (e. g., Oyster et al., 1985; Kolb et al., 1990; Teakle et al., 1993) . In addition, given their presence in retinae incubated in an aldehyde fixative that protects retinal ganglion cells from artifactual formation of varicosities (Stradleigh et al., 2015) , we infer that somatic and neuritic spines are normal traits of rat TH cells.
Moreover, we found that relatively brief (20-min) immersions in sucrose-supplemented FA preserves TH cell structural features (including neurite shape, contour, and spines) and enabled us to detect antiglutamate receptor antibody binding to TH cells.
Previous studies have shown that other fixatives can also preserve TH cell spines, including 4% formaldehyde and 1% glutaraldehyde (Dacey, 1990 ); 2% to 5% glutaraldehyde (Mariani, 1990) ; and 2% formaldehyde, L-lysine, and sodium metaperiodate (Teakle et al., 1994) . The presence of spines on TH cells in macaque retinae fixed in formaldehyde and glutaraldehyde (see Figure 4 of Dacey, 1990) but not in macaque retinae fixed in 4% FA (see Figure 11 of Dacey, 1990 ) agrees with our finding that rat TH cells possess and lack spines in retinae fixed in sucrose-supplemented and straight 4% FA, respectively.
| Cell distribution and coverage factor
Previously reported TH cell densities range from 10 to 40/mm 2 (Mariani, Kolb, & Nelson, 1984; Voigt & Wässle, 1987; Tauchi et al., 1990; Dacey, 1990; Gustincich et al., 1997; Ngyuen-Legros et al., 1997) , although higher values (60/mm 2 ) have been found around the foveal pits of macaque and Cebus (Dacey, 1990; Guimarães & Hokoç, 1997) and in the visual streak of turtle (Kolb, Cline, Wang, & Brecha, 1987) . The radial gradient of TH cell densities we found (Figure 4 ) is similar to that shown in a previous description of rat retina (NguyenLegros et al., 1997) and differs from a reported monotonic density decline from the superior-temporal quadrant to the inferior-nasal quadrant (Mitrofanis et al., 1988) , the uniform distribution of horizontal cells (Peichl & Gonzalez-Soriano, 1994) , and the paired high-density regions of rod bipolar cells (Euler & Wässle, 1995) . The radial gradient resembles the gradient of AII amacrine cells in rat retina (Wässle, Gr€ unert, & R€ ohrenbeck, 1993) , as might be expected given that AII amacrine cells are a major target of TH cell output synapses (Pourcho, 1982; Voigt & Wässle, 1987) .
TH cell densities and dendritic field dimensions are known for at least one species of all vertebrate classes (goldfish: van Haesendonck et al., 1993; toad: Zhu & Straznicky, 1990; turtle: Kolb, Netzer, & Ammerm€ uller, 1997; chick: Teakle et al., 1993; cat: Voigt & Wässle, 1987; macaque: Dacey, 1990) . The products of these range from 1.1 (Teakle et al., 1993 ) to 4.8 (Sch€ utte & Witkovsky, 1991 , with intermediate values of 3.4 and 1.9 to 3.8 reported for cat and macaque, respectively (Voigt & Wässle, 1987; Dacey, 1990) . The product of the cell densities and the fields of tapering neurites we found are smaller than the largest values reported for other species, but by less than two-fold. The extent to which this describes the coverage of visual space by TH cells remains to be seen. If, as our data suggest, excitatory synaptic inputs are formed on varicose as well as tapering neurites, the coverage factors of TH cells are likely to be substantially larger than values estimated only from tapering neurites. Although this would be best addressed by formation of a connectome (e. g., Anderson et al., 2009 ), reconstructing and mapping bipolar cell inputs at high resolution along neurites that extend millimeters across the retina (Dacey, 1990; Badea et al., 2009) were beyond the scope of the present study. In vivo imaging of cells that are induced to express, or are filled by, a brightly fluorescent marker (cf. Voigt & Wässle, 1987; Tauchi et al., 1990; Dacey, 1990; Badea et al., 2009; Keeley & Reese, 2010; Zhang et al., 2004) might also be attempted. However, it is unlikely that the methods available can resolve the spines we have studied here and, at the same time, image neurites that arborize across most, or all, of the retinal surface (cf. Geng et al., 2011) . (Taylor, 1996; Davenport et al., 2007) or whether varicose regions of TH cell neurites hinder signal spread over long distances (Ellias & Stevens, 1980 sparsely, and radiate beyond the dendritic tree (e. g., Dacey, 1990; Badea et al., 2009 ). Other studies have reported that TH cell dendrites are varicose (Kolb et al., 1990; Dann, 1998; Zhang et al., 2004) , that TH cell axons have few or no varicosities (Guimarães & Hokoç, 1997; Witkovsky et al., 2005) , and that TH cell dendrites ramify in s1 and that axons (or axon-like neurites) ramify in s3 and s5 (G abriel et al., 1992; Debertin et al., 2015) . Still other studies have described TH cell dendrites and not axons (e. g., Voigt & Wässle, 1987; Tauchi et al., 1990) . It is not known whether these TH cell neurites differ functionally as much as they appear to differ anatomically.
| TH cell neurites and spines
Our results indicate that tapering and varicose neurites do not differ dichotomously, in that both bind antibodies directed against glutamate receptor and PSD proteins (Figures 7, 9, and 12) . Moreover, because spines on tapering and varicose neurites both bound these antibodies (e. g., panel 1d of Figure 10 and panel 1d of Figure 12 ), and because glutamate receptors and PSD proteins are commonly found at glutamatergic synapses (Sheng & Kim, 2011) , our results suggest that spines on tapering and varicose neurites are sites of at least some glutamatergic input to TH cells. Although spines are most well known as dendritic specializations, spines are also found on axons (e. g., Westrum, 1970) . We therefore chose to denote tapering and varicose processes of rat TH cells as neurites rather than dendrites and axons.
Future imaging and/or electrophysiological studies could test whether excitatory synapses onto tapering neurites drive dopamine release from varicose neurites (Dacey, 1990; Witkovsky et al., 2008) or, alternatively, whether varicose neurites are depolarized by excitatory synapses onto the varicose segments themselves.
Cerebellar Purkinje cells, and pyramidal cells in hippocampus and cerebral cortex, display spine densities as high as 150 spines per 10 mm. The spine densities in TH cells we have found to date are nearly 100-fold lower. However, our counts agree well with spine densities of substantia nigra TH cells (Jang et al., 2015; Hage, Sun, & Khaliq, 2016) , cortical "sparsely spinous" neurons (Feldman & Peters, 1978) , and neostriatal type II neurons (Graveland, Williams, & DiFiglia, 1985) , and also with the uncounted but seemingly similar spine densities in previous retinal TH cell studies (Teakle et al., 1984; Dacey, 1990) . At least some of these spines may be positioned to depolarize dopamine release sites locally, for example, in cases where they are positioned at varicosities (e. g., panels 1a-d of Figure 12 ; also, see below). It will be of interest to test whether this applies to all TH cell spines, because the spine densities we have found to date (1-3 per 10mm) exceed the density of sites that bind antibodies directed against combinations of glutamate receptor isoforms and presynaptic markers in rabbit TH cells (see Figure 2a of Hoshi et al., 2009) and are comparable to those in mouse TH cells (see Figure 7A of Contini et al., 2010) .
| Synaptic inputs to TH cell somata and neurites
The immunostainings found in this study are consistent with synaptic inputs to TH cells that include previously undescribed and previously reported types. The former include glutamatergic inputs to spines on TH cell somata, spines on TH cell neurites in the inner plexiform layer, and TH cell spines in the outer plexiform layer. The latter include glutamatergic inputs to shafts of TH cell neurites and GABA-ergic inputs to TH cell somata.
As found previously in some nonretinal neuronal somata (Jaffe, Marty, Schulte, & Chow, 1998) , rodent TH cell somata can release dopamine (Puopolo et al., 2001 ). Glutamate and kainate can augment this release (Puopolo et al., 2001) , and our finding GluR1 (and, in some cases, both GluR1 and PSD-95) on TH cell somatic surfaces and spines suggests that these glutamate and kainate effects might normally be mediated at spines and at membrane patches between spines.
Although the cells eliciting these effects remain to be identified in rat retina, bipolar cells are the most likely candidates given that their axons project from the inner nuclear layer to the ganglion cell layer, and form glutamatergic synapses. Consistent with this possibility, the synaptic ribbon protein RIBEYE has been found in ON bipolar cell axons where they appose TH cell somata in the rabbit retina inner nuclear layer (Hoshi et al., 2009) , and rat retinal bipolar cell axons have been found to bind antibodies directed against synaptic vesicle-associated proteins in the proximal half of the inner nuclear layer (Sherry, Wang, Bates, & Frishman, 2003) where most rat TH cell somata reside. Similarly, the axons of at least two types of bipolar cell (rod and CB9-type cone bipolar cells) extend into the ganglion cell layer (Euler & Wässle, 1995; Hartveit, 1997; Østergaard, Hannibal, & Fahrenkrug, 2007; Gr€ unert, Jusuf, Lee, & Nguyen, 2011) where alloganglion TH cell somata reside, and a synaptic ribbon protein (piccolo) can be found as far proximally as the ganglion cell layer (Gr€ unert et al., 2011) .
In the inner plexiform layer, we found three immunostaining patterns that are consistent with glutamatergic inputs to TH cell neurites:
apposition of RIBEYE to colocalizations of GluR1 and TH (Figure 12 hypothesis that bipolar cell inputs depolarize TH cell dendrites (Dacey, 1990) . At the same time, our finding GluR1 and NR1 on varicose neurites of TH cells is not consistent with the hypothesis that varicose neurites are solely presynaptic compartments (Dacey, 1990 ) and suggests, instead, that varicose neurites may be postsynaptic as well as presynaptic. Specifically, our images suggest that postsynaptic membrane might be located on a varicosity (panels 2a-d of Figure 12 ), on a neuritic shaft that is adjacent to a varicosity (panels 2a-c of Figure 7 ), or on a spine that is adjacent to, or emerges from, a varicosity (panels 1a-d 0 of Figure 10 ).
In the outer plexiform layer, we found two immunostaining patterns that are consistent with glutamatergic inputs to TH cell neurites:
colocalizations of GluR1 and TH on spines (panel 1c of Figure 7 ) and shafts of neurites (panel 2c of Figure 7 ). The spines we have found on at least half of the varicosities in TH cell neurites within the outer plexiform layer ( Figure 7B ) may also be driven by glutamatergic inputs (cf.
panel 1a of Figure 7 and panel 1a of Figure 10 ). This would be of interest, because glutamatergic synapses on varicosities and/or on spines attached to the varicosities could depolarize varicose neurites either in addition to spikes that propagate along voltage-gated Na 1 channelexpressing internal neurites (Witkovsky et al., 2004) , or independently of spikes in external neurites given their lack of voltage-gated Na 1 channels (Witkovsky et al., 2008) , and these depolarizations could drive the synapses that TH cell external neurites form onto horizontal cells and possibly other interneurons (Dowling & Ehinger, 1975; Kolb et al., 1990) . Although the source of the glutamatergic inputs to TH cells at the outer plexiform layer remains to be identified, a previous study suggested that glutamate can diffuse from cone ribbon synapses to glutamate receptors several mm beneath cone pedicles in the macaque outer plexiform layer (Haverkamp et al., 2000) , and bipolar cells have previously been found to form synapses onto cells beside horizontal cells in the salamander outer plexiform layer (Lasansky, 1980) .
To date, we have encountered only small numbers of triple labelings on individual cells. However, the most closely spaced of these were separated by 20 mm (range: 3-44 mm), comparable to the estimated density of bipolar cell ribbon synapses onto mouse TH cell dendrites (Dumitrescu et al., 2009) . Notably, GluR1, GluR4, and NR1 colocalized with TH more often than this at sites not showing detectable levels of PSD-95 or PSD-93. In addition, we did not find GluR1, GluR4, or NR1 on several spines in our preparations. It remains to be seen whether these spines express these isoforms at levels that we could not detect, express these isoforms under conditions that we did not test (e. g., complete darkness), or express other glutamate receptor isoforms. Also, it is unknown which glutamate receptors are present at individual synapses on TH cells, and thus do not yet know if the different colocalizations we have found reflect different postsynaptic sites.
The presence of GABA A R a1 on TH cell somata in our preparations agrees with electron microscopic observations that GABAimmunopositive cells form synapses onto TH cell somata (Kolb et al., 1991) . Likewise, the heavy investment of GABA A R a1 around TH cell neurites is consistent with the electron microscopic observations that amacrine cells form synapses onto TH cell processes in the inner plexiform layer (Dowling & Ehinger, 1975; Hokoç & Mariani, 1987 Kolb et al., 1990) . Although the source of the GABAergic inputs to the base of TH cell somata and to the neurites (especially in s1) might be GABAergic amacrine cells, amacrine cells do not arborize in the inner nuclear layer where we find conspicuous staining, for example, at the levels of distal and lateral sides of the TH cell somata, and along THimmunopositive neurites traversing the inner nuclear layer. GABAergic interplexiform cells (Nakamura et al., 1980) are a possible source of inputs to these TH cell compartments, given that their neurites traverse the inner nuclear layer. Moreover, precedents for synapses like this are provided by interplexiform cell synapses onto amacrine cell somata (Linberg & Fisher, 1986; Yazulla & Studholme, 1991) .
| Double versus triple labeling
Given that both AMPA and NMDA receptor proteins have been found at synapses on other neurons (Siegel et al., 1995; Petralia et al., 1999) , and that PSD-95 forms postsynaptic complexes with AMPA and NMDA receptors (Kornau, Schenker, Kennedy, & Seeburg, 1995; Vinade et al., 2003) , our results raise two questions. One is why some GluR1 and GluR4 pixel clusters colocalized with detectable levels of PSD-95 and some did not. The second is why some PSD-95 pixel clusters were detectable in TH cells, yet did not appear to colocalize with GluR1 or GluR4.
Possible answers to the first question are that other PSD proteins substitute for PSD-95 at these sites or, alternatively, that synaptic transmission can occur in the absence of PSD proteins. Dopaminergic substantia nigra neuron dendrites have been reported to lack PSD-95 (Inanobe et al., 1999) and PSD proteins other than PSD-95 have been detected in the proximal retina (Fletcher et al., 2000; Ghosh, Haverkamp, & Wässle, 2001; Brandstätter, Dick, & Boeckers, 2004) . On the other hand, glutamate receptors can be activated before formation of detectable PSDs, at least at some spines (de Roo, Klauser, Mendez, Poglia, & Muller, 2008) , PSD size correlates inversely with head volume in some spines (Cane, Maco, Knott, & Holtmaat, 2014) , and PSD-95
can have half-lives that are shorter than those of spines and synapses (Gray, Weimer, Bureau, & Svoboda, 2006) . Possible answers to the second question are that GluR1 and/or GluR4 were present at levels that our imaging methods did not detect, that PSD-95 and PSD-93 associate with receptor isoforms other than GluR1 or GluR4, or that GluR1 and GluR4 were internalized by TH cells under our experimental conditions.
Although PSDs have been found to increase with spine head size (Harris & Stevens, 1989) , our finding (Figure 10 ) PSD-93 at the tip of spines with no detectable head (i. e., filopodia) near immunonegative spines with heads of moderate size (i. e., thin spines) indicates that the paucity of glutamate receptor staining of spines in our preparations is not necessarily due to small head size. It is difficult to predict which glutamate receptors might be expressed by TH cells because some studies have found that TH cells bind anti-GluR1 and anti-GluR4 antibodies (Figures 7-9, and 12) (Hoshi et al., 2009; Contini et al., 2010) whereas other studies did not (Witkovsky et al., 2008) . Previous findings that synaptic activity can lead to glutamate receptor removal from synapses (O'Brien et al., 1998; Carroll, Lissin, von Zastrow, Nicoll, & Malenka, 1999) are of particular interest, given that glutamatergic synapses are thought to drive dopamine release from TH cells and that light can drive this release for several hours per day (Megaw, Boelen, Morgan, & Boelen, 2001) . Future studies could test whether TH cell synapses and spines are altered morphologically and functionally by changes in illumination.
| C O NC LU S I O N S
Two general observations emerge from this study. One is that retinal TH cells are endowed with both somatic and neuritic spines. Although our results suggest that some of these may enable glutamate to control dopamine release from TH cells, many of the spines we observed were not
labeled by the antibodies we tested. Future studies could test the possibility that spatially restricted glutamate applications can activate receptors in these spines (Matsuzaki et al., 2001) or that these spines respond to other inputs (Hare & Owen, 1995; Kouvidi, Papadopoulou-Daifoti, & Thermos, 2005; Zhang et al., 2008; Vuong, Hardi, Barnes, & Brecha, 2015) . The second is that synapses on TH cell somatic spines, together with other synapses found in the inner nuclear layer (e. g., Fisher, 1972; Dowling & Ehinger, 1975; Marc & Liu, 1984; Sakai & Naka, 1985; Linberg & Fisher, 1986; Zucker & Dowling, 1987) , support the notions that the inner nuclear and ganglion cell layers are more than layers of somata, and that retinal synapses are not formed exclusively within the inner and outer plexiform layers. Future studies could test whether TH cells that respond to light differently (Zhang et al., 2007) 
